Most glutamatergic inputs in the neocortex originate from the thalamus or neocortical pyramidal cells. To test whether thalamocortical afferents selectively innervate specific cortical cell subtypes and surface domains, we investigated the distribution patterns of thalamocortical and corticocortical excitatory synaptic inputs in identified postsynaptic cortical cell subtypes using intracellular and immunohistochemical staining combined with confocal laser scanning and electron microscopic observations in 2 thalamorecipient sublayers, lower layer 2/3 (L2/3b) and lower layer 5 (L5b) of rat frontal cortex. The dendrites of GABAergic parvalbumin (PV) cells preferentially received corticocortical inputs in both sublayers. The somata of L2/3b PV cells received thalamic inputs in similar proportions to the basal dendritic spines of L2/3b pyramidal cells, whereas L5b PV somata were mostly innervated by cortical inputs. The basal dendrites of L2/3b pyramidal and L5b corticopontine pyramidal cells received cortical and thalamic glutamatergic inputs in proportion to their local abundance, whereas crossedcorticostriatal pyramidal cells in L5b exhibited a preference for thalamic inputs, particularly in their distal dendrites. Our data demonstrate an exquisite selectivity among thalamocortical afferents in which synaptic connectivity is dependent on the postsynaptic neuron subtype, cortical sublayer, and cell surface domain.
Introduction
The thalamus not only relays information about peripheral sensations to primary sensory areas, but also motor information from the basal ganglia and cerebellum to frontal cortical areas (Jones 2007; Strick et al. 2009 ). In the rat somatosensory cortex, layer 4 (L4) receives dense thalamic inputs (Jones 2009) , with lower L5 (L5b) cells also receiving direct thalamic inputs (Constantinople and Bruno 2013) . On the other hand, in the rodent frontal cortex, which lacks a cytoarchitectonically defined layer 4, thalamocortical input is most prominent in the lower part of L2/3 (L2/3b), but is also present in both L5b and layer 1 (L1) (Kuramoto et al. 2009; Rubio-Garrido et al. 2009; Morishima et al. 2011) . Although thalamic innervation patterns have been well analyzed in the sensory cortex, especially in L4 cells, it remains to be investigated in the frontal areas (White and Rock 1980; Benshalom and White 1986; Peters and Payne 1993; Richardson et al. 2009; da Costa and Martin 2011; Schoonover et al. 2014) . Comparative analysis of thalamocortical synapse formation between sensory and frontal areas will be critical for understanding the functional roles of thalamic inputs to these different cortical areas.
Neocortical neurons are composed of glutamatergic pyramidal and GABAergic nonpyramidal cells. Pyramidal cells receive excitatory inputs mainly at dendritic spines (DeFelipe and Fariñas 1992) . On the other hand, excitatory inputs to GABAergic cells typically occur on smooth dendritic shafts and somatic surfaces (Gulyás et al. 1999) . Furthermore, proximal and distal dendrites integrate excitatory input in different ways (Nörenberg et al. 2010; Branco and Häusser 2011) . Therefore, to understand the function of cortical circuits, we need to determine whether excitatory synaptogenesis is specialized based on postsynaptic neuron type ( pyramidal cells, GABAergic cells, or their subtypes), on neuronal surface type (dendritic spines, dendritic shafts, and/ or somata), or on dendritic locations ( proximal or distal portions) (Stepanyants et al. 2004; Yuste and Bonhoeffer 2004) . A key question is whether thalamocortical synapses are formed purely according to the relative local abundance of thalamocortical fibers, or if thalamic inputs preferentially innervate specific postsynaptic target domains.
In L4 of the somatosensory cortex, spiny stellate cells that receive thalamic inputs project forward to layer 2/3 (L2/3) pyramidal cells that, in turn, innervate pyramidal neurons in layer 5 (L5). In the rat frontal cortex, L2/3b pyramidal cells are mostly corticocortical cells (Ueta et al. 2013 (Ueta et al. , 2014 . On the other hand, L5b cells project not only to cortical areas but also to subcortical structures. The major L5b subcortical projection subtypes are corticopontine (CPn) and crossed-corticostriatal (CCS) cells (Morishima and Kawaguchi 2006; Otsuka and Kawaguchi 2008; Morishima et al. 2011) , each of which exhibits distinct physiological, morphological, and connectional characteristics (Morishima et al. 2011; Avesar and Gulledge 2012) . L2/3b pyramidal cells innervate both CPn and CCS cells in L5b (Otsuka and Kawaguchi 2008) . However, the innervation patterns of thalamic fibers in the frontal cortex have not been investigated in either L2/ 3b or L5b pyramidal cells. Similarly, little is known about selective thalamic innervation of cortical parvalbumin (PV)-expressing cells, which comprise a major subtype of GABAergic cell in the cortex (Uematsu et al. 2008 ) and participate in thalamocortical feedforward inhibition (Agmon and Connors 1992; Gibson et al. 1999) .
The aim of this study was to test whether cortical cells exhibit selective innervation from thalamocortical and corticocortical afferents according to neuron subtype and/or cell surface domain, or whether excitatory inputs are instead stochastically distributed on cortical cells based on the local spatial overlap of axons and dendrites. In order to evaluate the sources of inputs to specific cell subtypes and the locations of those inputs on the dendritic arbors, we used a combination of postsynaptic cell filling and presynaptic axon labeling in L2/3b and L5b of the rat secondary motor area (M2, Ueta et al. 2014) . Cell subtypes that were filled with Lucifer yellow (LY) were identified either by retrograde labeling or by agglutinin labeling. Input sources were labeled by antibody staining with the vesicular glutamate transporter type 1 (VGluT1) or type 2 (VGluT2) to distinguish corticocortical and thalamocortical inputs, respectively (Fujiyama et al. 2001; Graziano et al. 2008) . Putative synapses were identified by apposition of presynaptic label to postsynaptic cells observed with confocal laser scanning microscopy (CLSM) and validated by electron microscopic (EM) reconstructions. We quantified the ratios of VGluT2 inputs among total glutamatergic inputs within cortical sublayers overall, and compared these with the ratios on various postsynaptic somatic and dendritic domains for each cell subtype. Our results reveal that glutamatergic input densities and thalamic input ratios are highly correlated with neuron subtype, surface domain, and thalamorecipient sublayer in the rat frontal cortex.
Materials and Methods

Animals
Male Wistar rats were used in accordance with the guidelines of the Animal Care and Use Committee of the National Institute for Physiological Sciences and Kumamoto University.
Retrograde Tracer Labeling by Focal Iontophoretic Injections into the Frontal Cortex
Following are retrograde tracers used: 1) Alexa Fluor 555-conjugated cholera toxin subunit B (CTB555, Life Technologies Corporation, Grand Island, NY, USA), 2) Fast Blue (Dr Illing GmbH and Co. KG, Groß-Umstadt, Hesse, Germany), and 3) Diamidino Yellow (Dr Illing GmbH and Co. KG). CTB555 could be deposited in restricted layers by iontophoresis, used for laminar innervation analysis (Hirai et al. 2012; Ueta et al. 2014) , as well as in most layers by pressure application, used for distribution analysis of projection cells. Fast Blue, which labels the cytoplasm, and Diamidino Yellow, which labels the nucleus, were used for intracellular injection of LY (Sigma-Aldrich Co. LLC, St Louis, MO, USA) into pyramidal cells of projection identification.
Animals (6-7 weeks old) were anesthetized with a mixture of ketamine (40 mg/kg, intraperitoneal [i.p.] ) and xylazine (4 mg/kg, i.p.) and then injected with glycerol (0.6 g/kg, i.p.) and dexamethasone (1 mg/kg, intramuscular [i.m.]) before being placed in a stereotaxic apparatus. The CTB555 (0.2% in distilled water) was applied to the M2 area (4.5 mm anterior to the bregma, 1.5 or 1.7 mm lateral to the midline, inclined anteriorly by 25°; Ueta et al. 2014 ) through iontophoresis (negative current, 0.3 µA; 7-s on/off cycles; 20 min) with glass pipettes (tip diameter, 20-30 µm) backfilled with 0.9% NaCl. For retrogradely labeling of thalamocortical cells innervating whole cortical depth of M2, CTB555 was injected from L1 to upper L6 by pressure (PV820, World Precision Instruments, Inc., Sarasota, FL, USA) through glass pipettes (tip diameter, 50-100 µm). After a survival period of 4-6 days, the animals were deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and transcardially perfused with a prefixative (0.02 M phosphate buffer [PB] solution containing 8.56% sucrose and 5 mM MgCl 2 ), followed by a fixative (4% paraformaldehyde and 0.2% picric acid in 0.1 M PB). The animals were postfixed for 2 h at room temperature. Using a vibrating microtome (Leica Microsystems, Inc., Buffalo Grove, IL, USA), the brain ipsilateral to the tracer injection was sagittally cut into 20-µm sections. Every serial section ranging from around 0.6-3 mm from the midline, including almost all the parts of the ventral anterior/ventromedial (VA/VM) and ventrolateral (VL) thalamic nuclei, were collected. For observing the tracer deposits in M2, every other section was incubated overnight at 4°C with a mouse monoclonal antibody against the neurofilament heavy chain (N200 antibody, N0142, Sigma-Aldrich Co. LLC; 1:1000; to identify M2 area; Ueta et al. 2014 ) and a guinea pig polyclonal antibody against VGluT2 (AB2251, EMD Millipore Corporation, Billerica, MA, USA; 1:2000) in 0.05 M Tris-buffered saline (TBS) containing 10% normal goat serum, 2% bovine serum albumin (BSA), and 0.2% Triton-X-100 (Triton-X). After washing in TBS, the sections were reacted with secondary antibodies that were conjugated to Alexa Fluor 350 (for N200; Life Technologies Corporation; 1:200) and Alexa Fluor 488 (for VGluT2; Life Technologies Corporation; 1:200) for 2-3 h at room temperature. For observing labeled thalamic cells, every adjacent section was incubated at 4°C with a mouse monoclonal antibody against neuronal nuclei (NeuN; MAB377, EMD Millipore Corporation; 1:5000) and a rabbit polyclonal antibody against calbindin D-28K (CB38a, Swant, Marly, Switzerland; 1:2000) . After washing in TBS, the sections were reacted with secondary antibodies conjugated to Alexa Fluor 350 (for NeuN) and Alexa Fluor 488 (for calbindin). The sections were mounted in SlowFade gold antifade reagent (Life Technologies Corporation).
Simultaneous Immunofluorescence for PV and VGluTs
Under deep anesthesia with sodium pentobarbital (70 mg/kg, i.p.), the animals (7-8 weeks old) were perfused with the prefixative, which was followed by 4% paraformaldehyde containing 0.2% picric acid and 0.1% glutaraldehyde in 0.1 M PB. The animals were left for 2 h at room temperature for postfixation. Oblique horizontal sections containing M2 (50-µm thickness; Kawaguchi et al. 1989) were cut using a vibrating microtome.
After incubation in PB containing 15% sucrose for 1 h and 30% sucrose for 2 h, the sections were subjected to freezing in liquid N 2 and thawing and then incubated with a mouse monoclonal antibody against PV (235, Swant; 1:5000), a rabbit polyclonal antibody against the VGluT1 (a generous gift from Dr T. Kaneko, Kyoto University, Kyoto, Japan; 1:100), and a guinea pig polyclonal antibody against VGluT2 (a generous gift from Dr T. Kaneko; 1:100) in TBS containing 1% BSA, 0.5% Triton-X, and 0.1% sodium azide for 7 days at 4°C. After several rinses in PB, the sections were incubated with a biotinylated anti-rabbit IgG (Vector Laboratories, Inc., Burlingame, CA, USA; 1:200) overnight and then further incubated with a mixture of streptavidin-conjugated Cy5 (Jackson ImmunoResearch, West Grove, PA, USA; 1:200), fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (EMD Millipore Corporation; 1:100), and Cy3-conjugated anti-guinea pig IgG (EMD Millipore Corporation; 1:100) overnight.
Notably, previous studies have shown the colocalization of VGluT1 and VGluT2 immunoreactivities in the mouse brain (Graziano et al. 2008 ). However, we used rat brain tissues as the experimental materials, and the antibodies against VGluTs that we used for this study specifically reacted with each antigen protein without nonspecific immunoreaction. Thus, we rarely detected the colocalization of VGluT1/T2 immunolabeling in the following observations using a CLSM.
We investigated the tissue permeability of the primary antibodies from the section surface using CLSM. The antibodies against PV and VGluT2 penetrated along the whole depth of the sections. However, immunopositive reactions to the antiVGluT1 antibody were found only within 5 µm of the surface. Thus, simultaneous observation of VGluT-positive bouton appositions was limited to within 5 µm of the section surface.
Intracellular Staining of Identified Cells after Fixation
Retrograde Labeling of Pyramidal Cells The animals were anesthetized with ketamine (40 mg/kg, i.m.) and xylazine (4 mg/kg, i.m.). Stereotaxic injections of Fast Blue (7% in distilled water) and Diamidino Yellow (2% in distilled water) were made with coordinates derived from the Rat Brain Atlas (Paxinos and Watson 2007) . Tracers were injected into the ipsilateral pons (7.2 mm posterior to the bregma, 1.5 mm lateral to the midline; depth, 9.0-9.8 mm) and the contralateral striatum through glass pipettes by pressure application for identifying CPn and CCS cells, respectively, in L5b. For contralateral striatum injection, the skull was partially uncovered, and the cerebral cortex, hippocampus, and fimbria just caudal to the striatum were removed by aspiration, and then the tracer was obliquely applied through the lateral ventricle (3 mm lateral from the midline at 4-5 mm depth while tilted 52-55°caudally). For labeling L2/3b pyramidal cells, the tracers were injected into the ipsilateral primary motor area (anteroposteriorly at the bregma, 2.0 mm lateral to the midline; depth, 0.7-0.8 mm) and contralateral M2. For M2 injection, a glass micropipette was obliquely set to apply the tracer at the same angle as the apical main shafts of M2 pyramidal cells.
Animal Fixation
Rats without or with tracer injections (3-5 days after the injection) were perfused with 4% paraformaldehyde in 0.1 M PB and postfixed for 30 min. Oblique horizontal sections of 300-µm thickness were cut using a vibrating microtome.
PV Cell Identification by Fluorescent Agglutinin Labeling
Sections were incubated with 0.1 M PB containing 40 µg/mL FITCconjugated Vicia villosa agglutinin (VVA: Vector Laboratories, Inc.) (Ojima 1993) . Almost all VVA-labeled neurons were positive for PV (Kubota et al. 2011a ).
LY Injection
Sections were placed in a chamber filled with PB that was on the stage of a fluorescence microscope (Leica DM-LFS microscope, Leica Microsystems, Inc.). Under direct observation, the cell bodies labeled with FITC-conjugated VVA or fluorescent retrograde tracers (Fast Blue or Diamidino Yellow) were penetrated with a sharp glass pipette filled with LY (8% in 0.05 M Tris-HCl buffer; electrode resistance, 100-120 MΩ) and stained by an application of negative currents (7-10 nA, 2 min; voltage-clamp mode of a multiclamp 700B amplifier, Molecular Devices, LLC, Sunnyvale, CA, USA).
VGluT Immunofluorescence Applied to LY-Injected Cells
Slices containing neurons filled with LY were again fixed in 4% paraformaldehyde, 0.1% glutaraldehyde, and 0.2% picric acid in 0.1 M PB overnight and resectioned at a 25-or 50-µm thickness. After immunostaining for VGluTs with the above-mentioned procedure, the sections were mounted in Vectashield (Vector Laboratories, Inc.).
CLSM Observations
Sections were examined using CLSM (Fluoview FV1000, Olympus Corporation, Tokyo, Japan/Nikon D-ECLIPSE C1, Nikon Corporation, Tokyo, Japan). Using high-resolution CLSM, images were obtained with a 60× or 100× oil-immersion objective (numerical aperture = 1.4) and a 2× zoom factor. Single laser beams (473, 559, and 635 nm wavelengths) were alternately used to collect images of the different fluorescent signals. The somata and dendritic arborizations of LY-filled neurons were reconstructed by Autoneuron and the image stack module of the Neurolucida System (MBF Bioscience, Williston, VT, USA).
EM Observations of the Bouton Appositions Observed
Using CLSM made after using CLSM, the sections were incubated in TBS containing 1% BSA and 0.1% sodium azide with a mixture of an antibody against PV (mouse monoclonal antibody, Swant; 1:5000) or against LY (biotin-XX-conjugated rabbit anti-LY, A-5751, Life Technologies Corporation; 1:500) and an antibody against either of VGluTs (generous gifts from Dr T. Kaneko, guinea pig polyclonal antibodies; 1:100 each) at 4°C for 3 days. Following this, the sections were incubated with a Nanogold-conjugated antiguinea pig IgG (Nanoprobes, Yaphank, NY, USA; 1:100) alone or a mixture with a biotinylated anti-mouse (Vector Laboratories, Inc.; 1:200) overnight. VGluT1 or VGluT2 immunoreactivity was visualized with silver enhancement using the HQ Silver Enhancement Kit (Nanoprobes) and then treated with a standard avidinbiotin-peroxidase complex (Vector Laboratories, Inc.; 1:100) for 2 h at room temperature. After color development with 3,3′-diaminobenzidine tetrahydrochloride (DAB) for visualizing PV or LY, the sections were postfixed with 1% OsO 4 for 15 min on ice, stained en bloc with uranyl acetate, dehydrated, and embedded in Araldite. Serial ultrathin sections of 65-70 nm in thickness were cut from the superficial part of the re-embedded specimens, lightly stained with uranyl acetate and lead citrate, and examined using TEM.
For diamond-knife serial block-face scanning EM (SBEM; 3View-Merlin, Gatan, Inc., Pleasanton, CA, USA, and Carl Zeiss AG, Oberkochen, Germany) observations made after using CLSM, the sections were incubated in TBS containing 1% BSA and 0.1% sodium azide with a biotin-XX-conjugated antibody against LY (Life Technologies Corporation; 1:2000) at 4°C for 3 days. Following this, the sections were incubated with the standard avidin-biotin-peroxidase complex (1:100) for 3 h at room temperature. After color development with nickel DAB for visualizing LY, light micrographs of LY-stained neurons were captured. Then, the sections containing the dendritic segments were processed using the modified heavy metal staining protocol (Wilke et al. 2013) . In brief, the sections were postfixed with 2% OsO 4 and 1.5% potassium ferrocyanide in 0.1 M PB for 1 h on ice, which was followed by incubation with a 1% thiocarbohydrazide solution for 20 min at room temperature. Following this, the sections were again postfixed with 2% OsO 4 in 0.1 M PB for 30 min at room temperature and stained en bloc with 1% uranyl acetate at 4°C overnight. The sections were then incubated in Walton's lead aspartate solution at 60°C for 30 min, dehydrated, and embedded in Durcupan ACM resin (Sigma-Aldrich Co. LLC). The resin block containing the LYstained dendritic segments was glued to the rivets with silver epoxy (SPI Supplies, West Chester, PA, USA). The entire block surface was covered by the silver paste (PELCO Conductive Silver Paint, Ted Pella, Inc., Redding, CA, USA) to avoid charging the resin. The mounted block was transferred to a chamber of SBEM, and serial ultrathin sections of 60 nm in thickness were cut from the block surface of the specimen. The freshly exposed surface of the block was imaged at 2-kV accelerating voltage and 60-pA beam current (cross-over mode) using the Gatan detector with 0.5 µs dwell time/pixel, 3.1 nm pixel size, and 16 k × 16 k image size. With contrast inversion, TEM-like contrast and comparable imaging information were achieved. A large volume dataset, including the entire dendritic segment, was serially acquired after cutting the block surface with a 60-nm-thick slice of 240 serial section images. The cubic size of the volume was 50 × 50 × 15 µm. The serial image alignment was done using homemade scripts for MATLAB (The MathWorks, Inc., Natick, MA, USA), kindly offered by Dr S. Mikula at The Max Planck Institute, Heidelberg, Germany. The dendritic and synaptic structures were rendered using 3D reconstruction software, Reconstruct (http://synapses.clm.utexas.edu/tools/ index.stm; Fiala 2005).
Data Analysis
Appositions of the VGluT-immunolabeled boutons were observed and quantitatively analyzed using imaging software associated with the microscope (FV10-ASW 2.0 Viewer [Olympus Corporation] and EZ C1 viewer 340 [Nikon Corporation]). Z-stack images of the serial fluorescent sections and modifications of EM images were made using ImageJ 1.44 (NIH; http://imagej.nih. gov/ij/) and Adobe Photoshop CS5 software (Adobe Systems, Inc., San Jose, CA, USA). As shown in previous study, LY injection to pyramidal cells in fixed-slice has a drawback that apical dendrites are not fully visualized, especially those of L5b pyramidal cells (Matsubara et al. 1996) . In L2/3b pyramidal cells, the apical dendritic tufts were not stained, but oblique dendrites were labeled. So we excluded the observation of bouton appositions on all apical dendrites in L5b pyramidal cells and apical tufts in L2/ 3b pyramidal cells from the present study. We estimated the proportion of VGluT2-labeled boutons among total VGluT-labeled boutons in the local space (spatial T 2 ratio), by counting VGluT1-and T2-positive boutons in randomly selected rectangular cubes in L2/3b and in L5b.
Statistical examinations were performed using StatView 5.0 software (SAS Institute, Inc., Cary, NC, USA) and GraphPad Prism 6.0 software (GraphPad Software, San Diego, CA, USA). The data are presented as the mean ± standard deviation (SD). Significance was set at P values of <0.05.
To obtain the total number of bouton appositions on PV cell somata, we first calculated the surface density of appositions from the area and apposition number of the partial somatic surface. Assuming the prolate spheroid shapes of the PV cell somata, the whole surface area of the PV cell somata was deduced from the maximum radius (Max) and the minimum radius (Min) of the reconstructed PV cell somata as follows:
We estimated the total apposition number by multiplying the density by the total surface area.
Results
Thalamic Origins of Inputs to L2/3b and L5b of the Rat Frontal Cortex
In the M2 area, thalamocortical fiber density is heterogeneous across cortical depth, as shown by the uneven expression of VGluT2 that is present at higher densities in upper L1 (L1a), L2/3b, and L5b of frontal cortex ( Fig. 1B ; Morishima et al. 2011) . M2 is innervated by thalamic nuclei including VA/VM nuclei and the VL nucleus. Calbindin-positive cells are more abundant in VA/VM nuclei than in VL nucleus ( Fig. 1C,D ; Ushimaru et al. 2012) . When the retrograde tracer CTB555 was injected extensively from L1 to L5 in M2 by pressure, 81.8% of the labeled thalamic cells were in the VA/VM nuclei, whereas 18.3% were in the VL nucleus ( Fig. 1A,C ; whole-depth injection; 5040 thalamic cells from 2 rats). Therefore, VA/VM neurons innervated M2 more than did neurons in VL.
Next, we identified the thalamic cells innervating L2/3b and L5b, respectively. For this purpose, we injected the CTB555 into M2 sublayers by iontophoresis (Fig. 1B) , and examined By comparing labeling from layer-specific CTB555 injections with calbindin immunohistochemistry in individual labeled thalamic cells, we found a correlation of target laminae and calbindin expression in thalamocortical cells (Fig. 1E-G) . When the injection site was restricted to L1 or L2/3a, almost all labeled thalamic cells were in the VA/VM nuclei [ proportion of VA/VM cells, 97% in case i and 95.5% in case ii, which was larger than that when assuming nonselective innervation by VA/VM and VL thalamic cells (81.8%, dotted line in Fig. 1F ; P < 0.01, χ 2 test)], and were positive for calbindin ( proportion of calbindin-positive cells, 100% in case i and 95.5% in case ii; Fig. 1G ). On the other hand, when injections were biased to L2/3b or L5b, the number of labeled VL and calbindin-negative cells increased ( proportion of VA/VM cells, 17.5% in case vi, 68.5% in case vii, and 55.8% in case viii, which was fewer than that when assuming nonselective innervation by VA/VM and VL thalamic cells [dotted line in Fig. 1F ; P < 0.05 for case vii, P < 0.01 for cases vi and viii, χ 2 test]; proportion of calbindin-positive cells, 37.5% in case vi, 68.5% in case vii, and 52.6% in case viii; Fig. 1G ). Finally, when injections were restricted to upper L6, few labeled cells were found in the thalamus, and all were positive for calbindin (data not shown). Overall, the proportion of calbindin-positive cells among labeled thalamic cells was negatively correlated with the proportion of L2/3b and L5b within the tracer deposit area (Fig. 1I; c.c. = −0.84. P < 0.01). Importantly, L1-innervating thalamic cells were mostly positive for calbindin, while L2/3-and L5-innervating cells included both calbindin-positive and -negative cells. These results indicate that L2/3b and L5b receive thalamic inputs from both VA/VM and VL nuclei.
Glutamatergic Bouton Distributions along Dendrites of Pyramidal and PV Cells in L2/3b and L5b
Previous studies in rodents have demonstrated that the 2 major types of excitatory inputs can be discriminated by their selective The electron-dense immunoreactions were used for LY (DAB) and VGluT1 (silver enhancement). The region between the 2 arrowheads indicates an asymmetric synapse on the dendrite, which corresponds to that in (E).
expression of different VGluTs: axonal boutons of cortical pyramidal cells express VGluT1, while those of thalamocortical fibers express VGluT2 (Fujiyama et al. 2001; Kubota et al. 2007 in this cortical area). To probe the synaptic input specificity among diverse presynaptic excitatory fibers arriving at different surface domains of cortical cell subtypes, we compared the distributions of presynaptic boutons that were positive for VGluT1 or VGluT2 between pyramidal and PV cells in L2/3b and L5b.
Dendritic arborizations of PV cells were visualized by LY injection into VVA-labeled cells, which correspond to PV-positive cells (Kosaka and Heizmann 1989; Ojima 1993; Kubota et al. 2011a ). We reconstructed the dendrites of VVA cells ( Fig. 2A ; L2/3a, L2/3b, L5a, and L5b; 2 cells in each sublayer). The combination of LY intracellular staining with VGluT immunofluorescence allowed us to identify appositions between PV cell dendritic shafts and VGluT-positive boutons at various distances from the soma (Table 1) .
We validated our apposition identification with EM observations of LY-injected dendrites combined with DAB immunostaining and VGluTs-labeled boutons with silver enhancement (Fig. 2B-E) . Of the 19 apposing boutons identified using CLSM, 13 formed asymmetric synapses on target dendrites ( Fig. 2E,F ; probability: 68%). Four of the other six boutons formed asymmetric synapses on nonlabeled structures, and we could not find synaptic formations for the other 2 boutons.
Two L2/3b corticocortical pyramidal cells projecting to other cortical areas were intracellularly stained with LY injection. Since the apical dendritic tufts of L2/3b pyramidal cells were not stained due to technical limitation, only the basal and apical oblique dendrites were used for analysis. After reconstructing their dendrites (Fig. 3A, 2 cells) , we used CLSM to identify VGluT1-and VGluT2-positive bouton appositions on the spines along dendritic segments at various distances from the soma ( Table 1 ). The primary dendrites of L2/3b pyramidal cells were excluded from analysis.
L5 pyramidal cells of the rat frontal cortex comprise several projection subtypes (Morishima et al. 2011; Otsuka and Kawaguchi 2011; Ueta et al. 2014) . One major subtype is CPn cells, which send axons to the ipsilateral pontine nuclei, while another is CCS cells, which bilaterally innervate the striatum (Fig. 3B) . Since the apical dendrites of L5b pyramidal cells were only partially stained with LY injection, only the basal dendrites were used for analysis. The basal dendrites of retrogradely labeled CPn and CCS cells were visualized with intracellular LY injections (Fig. 3C) . We reconstructed 2 L5b CPn and 2 CCS cells ( Fig. 3B ; Table 1 ) and identified VGluT1-and VGluT2-positive bouton appositions on spines along dendritic segments at various distances from the soma ( Table 1 ). The primary dendrites of L5b pyramidal cells were excluded from the analysis.
We confirmed that VGluT1-positive bouton appositions made synapses on postsynaptic spines using conventional EM. We found that 24 of 27 (89%) appositions formed asymmetric synapses on target spines. To confirm dendritic representation of the fluorescence image of LY-filled cells, in addition to synaptic specialization, we used SBEM to consecutively reconstruct a dendritic segment of a CPn cell (Fig. 3C ). This reconstruction conformed well to the stereoscopic image previously obtained using CLSM (Fig. 3D-I) . We then were able to confirm 4 spine synapses among 6 spine contacts on the same dendritic segment using CLSM ( Fig. 3J-P) . These observations confirm that many CLSM-detected spine-apposing excitatory boutons form synapses on spines.
We compared glutamatergic apposition densities occurring at different distances from the soma and on target dendrites of different diameters, and compared these characteristics among the cell types. In L2/3b PV cells, the densities of VGluT-positive bouton appositions were negatively correlated with the distance from the soma (Fig. 4A ), but were positively correlated with the target dendritic diameter ( Supplementary Fig. 1A , Table 1 ). In L2/3b pyramidal cell dendrites, densities of VGluT-positive bouton appositions onto basal and apical oblique spines did not correlate with distance from the soma (Fig. 4B,C) . The regression coefficient was more negative in apical oblique spines than basal spines (Table 1 ; P < 0.05, comparison of 2 regression parameters). Densities of VGluT-positive bouton appositions correlated with the dendritic shaft diameter in apical oblique spines, but not in basal spines ( Supplementary Fig. 1B ,C, Table 1 ). In L5b, the densities of VGluT-positive bouton appositions to L5b PV cell dendrites were negatively correlated with distance from the soma (Fig. 4D ), but positively with dendritic diameter ( Supplementary Fig. 1D ). VGluT-positive densities were differentially correlated with basal dendritic targets in 2 types of L5b pyramidal cell. The densities of VGluT-positive bouton appositions occurring on the basal spines of CPn cells did not correlate with either distance from the soma (Fig. 4E ) or diameter (Supplementary Fig. 1E ; Table 1 ), while densities of VGluT-positive bouton appositions were negatively correlated with distance from the soma (Fig. 4F ), but independent of diameter, in CCS cell spines ( Supplementary Fig. 1F , Table 1 ). Furthermore, correlations of VGluT-positive boutons with distance and diameter were much stronger in PV cell dendrites than in CCS cell spines (Table 1) . Glutamatergic inputs to PV cells in other layers also showed strong correlations with both distance and diameter (Table 1) .
These results suggest that distributions of glutamatergic terminals on the dendritic spines may be different between basal and apical oblique dendrites, and that those of L5b pyramidal cells are more dependent on cell surface location in Glutamatergic Bouton Apposition Density and Thalamic Input Ratio over PV Somata PV cells receive excitatory inputs not only along dendrites but also over somata. Therefore, we compared glutamatergic inputs over PV somata between cortical sublayers. First, we confirmed that 17 boutons out of the 20 apposing boutons formed asymmetrical synapses on the target PV somata (85%; Fig. 5A-D) . The other 3 boutons formed asymmetrical synapses on nonlabeled neural structures. So we assumed that most of the apposing boutons on PV somata observed by CLSM form synapses with the soma.
We derived apposing bouton densities from the number of apposing boutons and surface area of partially reconstructed PV somata. The surface densities of VGluT1-positive bouton appositions (T 1 apposition densities) on PV somata were similar across sublayers (Table 2) . VGluT2 apposition densities (T 2 apposition densities) on PV somata were much lower than T 1 densities in all sublayers (Table 2) . We estimated the total number of VGluT-positive bouton appositions in individual somata, assuming an ellipsoidal cell body. The total number of somatic appositions for VGluT1-positive boutons was similar among the sublayers ( Table 2 ). The total number for VGluT2-positive boutons was larger in L2/3b (22 ± 10 boutons) than in the other sublayers (P < 0.01; Table 2 ).
We further compared glutamatergic inputs on PV somata between L2/3b and L5b. T 1 apposition densities on PV somata were not different between L2/3b and L5b (P = 0.57; Table 2 ). On the boutons (VGluT2 ratio) in L2/3b (left) and L5b (right). White bar, spatial T2 ratio; Gray bar, apposition T2 ratio. Arrows, mean value. The apposition T2 ratios of L2/3b PV somata were similar to the spatial T2 ratio in L2/3b, but those of L5b PV somata were lower than the spatial T2 ratio in L5b (P < 0.01, Mann-Whitney U-test). ) Estimated total number L2/3a 0.21 ± 0.05 (n = 11) 113.3 ± 38.2 0.01 ± 0.01 (n = 11) 3.8 ± 3.8 L2/3b 0.22 ± 0.08 (n = 11) 121.0 ± 38.0 0.04 ± 0.03** (n = 14) 21.8 ± 10.2** L5a 0.22 ± 0.05 (n = 11) 120.5 ± 41.9 0.02 ± 0.02 (n = 10) 10.1 ± 8.6 L5b 0.19 ± 0.06 (n = 11) 135.3 ± 41.9 0.01 ± 0.01 (n = 10) 8.2 ± 6.3 L6 0.21 ± 0.04 (n = 10) 129.5 ± 28.8 0.01 ± 0.01 (n = 11) 5.5 ± 2.3 other hand, T 2 apposition densities were larger in L2/3b than in L5b (P < 0.01; Fig. 5E , Table 2 ). The ratios of VGluT2 appositions to total glutamatergic appositions (apposition T 2 ratios, Fig. 5F ) were higher in L2/3b PV somata (0.16 ± 0.03, n = 6) than in L5b PV somata (0.05 ± 0.04, n = 8; P < 0.01). Apposition T 2 ratios would likely be affected by individual cell preferences for thalamic inputs, as well as relative local proportion of thalamocortical fibers among all glutamatergic afferents. To estimate the latter effect, we obtained the ratios of VGluT2-positive boutons to all VGluT-positive boutons in the local environment (spatial T 2 ratios, Fig. 5F ). Spatial T 2 ratios were higher in L2/3b (0.20 ± 0.06; 10 rectangular cubes, 512.5 ± 206.6 μm 3 ) than in L5b (P < 0.05; 0.12 ± 0.02; 15 rectangular cubes, 548.8 ± 248.4 μm 3 ; Fig. 5G, 6 ). If an apposition T 2 ratio was higher than the spatial T 2 ratio in a given space, that neuronal domain would preferentially receive VGluT2-positive inputs relative to VGluT1-positive inputs; if it was lower, that domain would avoid otherwise available VGluT2-positive inputs. Therefore, we compared apposition T 2 ratios for individual domains with the spatial T 2 ratio. Apposition T 2 ratios of L2/3b PV somata were similar to L2/3b spatial T 2 ratios (P = 0.21; Fig. 5G left, Fig. 6 ). On the other hand, apposition T 2 ratios of L5b PV somata were lower than L5b spatial T 2 ratio (P < 0.01; Fig. 5G right, Fig. 6 ). These results suggest that L2/3b PV somata receive thalamocortical inputs in proportion to the relative abundance of local thalamic boutons, whereas PV somata in L5b prefer corticocortical inputs over thalamic afferents.
Thalamic Input Ratio Comparison among the Cell Subtypes and Surface Domains in L2/3b and L5b
In addition to PV somata, we extended thalamic input preference analysis to dendritic domains of PV and pyramidal cells in L2/3b, and PV, CPn, and CCS cells in L5b, using apposition and spatial T 2 ratios. In L2/3b, apposition T 2 ratios of PV somata (0.16 ± 0.03), basal spines (0.24 ± 0.08), and apical oblique spines (0.26 ± 0.12) of pyramidal cell dendrites were not different, and were similar to the local spatial T 2 ratio (Fig. 6 ). On the other hand, apposition T 2 ratios of PV dendritic shafts (0.08 ± 0.09) were lower than those of pyramidal spines (P < 0.01), and were lower than the L2/3b spatial T 2 ratio (P < 0.05; Fig. 6 ). In L5b, apposition T 2 ratios of PV somata (0.05 ± 0.04) and dendrites (0.04 ± 0.06) were lower than the local spatial T 2 ratio (Fig. 6 ).
Apposition T 2 ratios of basal dendritic spines in CPn cells (0.13 ± 0.09) were similar to the spatial T 2 ratio, whereas those in CCS cells (0.24 ± 0.13) were higher than the L5b spatial T 2 ratio as well as those in CPn cells (Fig. 6) . Thus, among the pyramidal cells examined, dendritic spines of CCS cells received a higher proportion of thalamic inputs. Among PV surface domains, L2/3b somata received preferential innervation by thalamic inputs.
As above, thalamic input ratios with respect to total glutamatergic input varied between cell subtypes and surface domains. Glutamatergic input densities along dendrites were dependent on distance from the soma in specific cell subtypes (Fig. 4) . Therefore, we further compared the input densities between proximal (within 100 µm) and distal (further than 125 µm from the soma) dendritic regions.
In L2/3b, T 1 apposition densities on PV dendrites were higher in proximal (0.62 ± 0.22/µm) than in distal (0.45 ± 0.13/µm) dendrites, whereas at pyramidal cell dendrites, densities were similar in proximal (basal, 0.84 ± 0.23/µm; apical oblique, 0.65 ± 0.17/ µm) and in distal (basal, 0.85 ± 0.17/µm; apical oblique, 0.55 ± 0.26/µm) regions (Fig. 7A upper, Supplementary Table 1 ). The T 1 apposition densities in distal regions were higher in pyramidal basal spines than both in PV dendritic shafts and in pyramidal apical oblique spines (Fig. 7A upper) .
In L2/3b, dendritic shafts of PV cells showed similar T 2 apposition densities between proximal (0.09 ± 0.10/µm) and distal (0.03 ± 0.06/µm) dendritic regions (Fig. 7A lower, Supplementary  Table 1 ). Pyramidal basal spines also showed similar T 2 apposition densities between proximal (0.20 ± 0.09/µm) and distal (0.29 ± 0.06/µm) regions, but T 2 apposition densities of apical oblique spines were larger in proximal (0.28 ± 0.14/µm) than in distal (0.12 ± 0.10/µm) regions. The T 2 apposition densities in proximal regions were higher in pyramidal apical oblique spines than in PV dendritic shaft (Fig. 7A lower) . The T 2 apposition densities in distal dendritic regions were overall higher in pyramidal spines than in PV dendrites, and higher in basal spines than in apical oblique spines (Fig. 7A lower) .
In L5b, T 1 apposition densities in PV dendrites were more pronounced in proximal (0.93 ± 0.16/µm) dendrites than in distal (0.59 ± 0.19/µm) regions (Fig. 7B upper, Supplementary  Table 1 ). Dendritic spines of CPn cells showed similar T 1 apposition densities between in proximal (0.86 ± 0.36/µm) and distal (0.98 ± 0.24/µm) regions, while CCS cell spines had larger T 1 Figure 6 . Apposition T 2 ratios in L2/3b and L5b cell subtypes and comparison with the spatial T 2 ratio. Gray bars, apposition T 2 ratios in somata and dendritic shafts of PV cells; white bars, apposition T2 ratios in dendritic spines of pyramidal cells. Horizontal bar, mean + SD. Comparison among the subtypes and domains by Tukey-Kramer test: *P < 0.05 and **P < 0.01. Vertical dashed lines, mean of spatial T2 ratios: VGluT2-labeled boutons among total VGluT-labeled boutons (both VGluT1 and VGluT2) distributed locally; (a) for L2/3b and (b) for L5b. Comparison between the apposition and spatial T 2 ratios by Mann-Whitney U-tests:
# P < 0.05 and ## P < 0.01.
apposition densities in proximal (0.86 ± 0.22/µm) dendrites than in distal (0.70 ± 0.23/µm) regions (Fig. 7B upper) . There was no difference in proximal T 1 apposition densities among these 3 cell subtypes, but T 1 apposition densities were higher in distal dendritic spines of CPn cells (Fig. 7B upper) . In L5b, T 2 apposition densities in PV dendrites were larger in proximal (0.09 ± 0.06/µm) relative to distal (0.02 ± 0.04/µm) dendrites (Fig. 7B lower, Supplementary Table 1 ). Dendritic spines of CPn cells showed similar T 2 apposition densities at proximal (0.12 ± 0.07/µm) and distal (0.17 ± 0.13/µm) locations, while dendritic spines of CCS cells showed larger densities in distal (0.29 ± 0.09/µm) regions relative to more proximal (0.19 ± 0.16/µm) domains (Fig. 7B lower) . There was no difference in T 2 apposition densities in proximal dendrites of these 3 cell subtypes, but T 2 apposition densities were highest in distal spines of CCS cells, and lowest in distal dendritic shafts of PV cells (Fig. 7B lower) . Thus, Figure 7 . Bouton apposition densities of VGluT1/T2-positive terminals on dendritic regions proximal and distal from the soma. (A) T1/T2 apposition densities of L2/3b cells. Gray bars, apposition densities of PV cell dendritic shafts; white bars, apposition densities of pyramidal cell spines. Data, mean + SD. Segments with the dendritic regions nearer than 100 µm (left, proximal region) and further than 125 µm (right, distal region) were used. Upper, T 1 apposition density; lower, T 2 apposition density. Proximal/ distal comparisons by Mann-Whitney U-tests ( # P < 0.05 and ## P < 0.01); subtype comparisons by Tukey-Kramer tests (*P < 0.05 and **P < 0.01). (B) T1/T2 apposition densities of L5b cells. Gray bars, apposition densities of PV cell dendritic shafts; white bars, apposition densities of CPn and CCS cell spines. Segments with the dendritic regions nearer than 100 µm (left, proximal region) and further than 125 µm (right, distal region) were used.
among L5b dendrites, relative to pyramidal cells, fewer thalamic inputs target PV cells, preferring instead dendritic spines of CCS cells, especially those in distal dendrites.
Discussion
In the present study, the distribution patterns of corticocortical and thalamocortical excitatory synaptic inputs were investigated among identified postsynaptic cortical cell subtypes using intracellular and immunohistochemical staining combined with CLSM and EM observations of post-and presynaptic elements.
Our results indicate that cortical neurons are innervated by thalamic fibers in a selective manner that is dependent on their laminar position, cell subtype, and surface domain in the rat frontal cortex (Fig. 8) .
Thalamic Inputs to L2/3b Cells
Thalamic inputs were more frequently found in the proximal portions of apical oblique dendrites of L2/3b pyramidal cells. These finding are consistent with a proposal that synaptic strength decreases along the length of each apical oblique branch of hippocampal CA1 pyramidal cells (Katz et al. 2009 ). We previously reported that spines innervated by thalamocortical fibers are larger, and have wider synaptic junctional areas, than spines receptive to corticocortical inputs in the rat frontal cortex, suggesting that thalamocortical inputs are stronger and more reliable than corticocortical inputs (Kubota et al. 2007 ). Together, thalamic inputs to proximal thicker dendrites may require precise temporal coincidence for summation, whereas distal dendrites can integrate corticocortical inputs in wider time window, dependent on dendritic nonlinearities and impedance gradients (Branco and Häusser 2011) .
In spiny stellate cells in L4 of somatosensory areas, a heavily thalamorecipient layer, thalamic inputs arrive at locations more proximal to the soma than do corticocortical inputs (Jia et al. 2014; Schoonover et al. 2014) . Thus, thalamocortical targeting of soma-proximal dendritic domains may be a conserved feature in some dendritic branches of neurons in the thalamorecipient midlayer across cortical areas. However, the basal dendrites of L2/3b pyramidal cells received both cortical and thalamic inputs in proportion to their relative local abundance, irrespective of distance from the soma. These data suggest that thalamic input integration or interaction with cortical inputs is different between basal and apical oblique dendrites.
Glutamatergic terminal distributions were different between pyramidal and PV cells. Excitatory input densities on L2/3b pyramidal spines were relatively independent of distance from the somata. On the other hand, the density of glutamatergic inputs to PV cell dendrites decreased according to their distance from the soma, a main determinant of efficacy of synaptic signal transmission to the soma (Kubota et al. 2011b ). The somata of L2/3b PV cells received thalamic inputs in proportion to their relative abundance in the local environment, whereas PV-positive dendrites showed a preference for cortical inputs over otherwise available thalamic afferents (Kameda et al. 2012) . This indicates that the thalamic inputs to L2/3b PV cells are weighted to soma-proximal dendritic domains.
PV-positive fast-spiking (FS) basket cells are phasically activated by fast excitatory inputs on the soma (Nörenberg et al. 2010) . In L4 of primary sensory areas, FS cells receive stronger thalamocortical inputs than neighboring excitatory cells, and fire early in the initial stages of neocortical processing (Agmon and Connors 1992; Beierlein et al. 2003; Cruikshank et al. 2007; Hull and Scanziani 2007; Kimura et al. 2010; Kloc and Maffei 2014) . Therefore, cerebellar outputs relayed by the thalamic VL nucleus may excite L2/3b cells in a temporally restricted manner achieved via fast feedforward inhibition exerted by PV cells. M2 L2/3b PV cells are thought to participate in induction of cortical gamma oscillations (Hu et al. 2014 ) and synchronization of firing among pyramidal cells projecting to the adjacent primary motor area as well as to L5 pyramidal cells in M2 (Ueta et al. 2014) . The reciprocal connections between PV and pyramidal cells are crucial for generation of the gamma oscillation (Bartos et al. 2007 ). Since loss of PV expression, especially in the superficial layers of the frontal cortex, and reduction of gamma oscillations are pathophysiological hallmarks of schizophrenia, impaired PV function may contribute to this disease (Hashimoto et al. 2003; Marín 2012; Uhlhaas and Singer 2012; Lewis 2014; Cho et al. 2015) . Thus, L2/3b PV cells may participate in both the fast feedforward inhibition caused by thalamocortical inputs and the generation of gamma oscillations in cooperation with nearby pyramidal cells.
L5b Cells Receiving Excitation from Thalamic and L2/3b Cells
Unlike PV cells in L2/3b, L5b PV cells preferentially received corticocortical inputs at both somatic and dendritic locations. This result suggests that the composition of excitatory input to PV cells is determined primarily by laminar location.
On the other hand, the patterns of excitatory inputs onto pyramidal cells in L5b were dependent on cell subtype. In L5b CPn cells, similar to L2/3b pyramidal cells, the density of In L5b, CCS cell basal dendrites, particularly their distal parts, receive more thalamic inputs than predicted by their local abundance (represented by red color), whereas both somata and dendrites of PV cells repel thalamic inputs. The density of VGluT-positive all excitatory inputs onto PV cell dendritic shafts and CCS cell spines decreases with distance from soma, while excitatory input density on CPn cell spines is independent of distance from soma.
Selective Thalamic Input to Cortical Cells Shigematsu et al. | 13 by guest on November 7, 2016 http://cercor.oxfordjournals.org/ glutamatergic input on basal dendritic spines was independent of distance from the soma. Conversely, in L5b CCS cells, the density of excitatory input to the basal dendrites decreased with distance from the soma. This may be related to the differences in synaptic integration at the distal basal dendrites between the 2 pyramidal cell subtypes.
Dendritic spines of CPn cells received thalamic inputs in proportion to their local abundance in both proximal and distal regions; however, CCS cell spines were preferentially receptive to thalamic terminals, particularly in their distal dendritic locations, opposite of the apical oblique branches of L2/3b pyramidal cells. Considering the avoidance of thalamic inputs onto L5b PV cells, thalamocortical terminals appear to be highly selective in targeting surface subdomains on specific cortical neuron subclasses, even within the same cortical sublamina.
L5b CPn cells are most responsive to spatially distributed inputs within a narrow time window (Dembrow et al. 2015) . L2/3b pyramidal cells are thought to fire fast and transiently in response to thalamocortical inputs, due to rapid feedforward inhibition from PV cells. Since L2/3b pyramidal cells innervate L5b CPn cells (Otsuka and Kawaguchi 2008) , it is possible that L5b CPn cells receive bursts of temporally coordinated inputs from L2/3b pyramidal cells over a short duration following direct thalamocortical input to superficial cortical layers.
L5b CCS cells are also innervated by L2/3b pyramidal cells (Otsuka and Kawaguchi 2008) , and received thalamic inputs more in distal dendrites than in proximal dendrites. Distal dendritic inputs exhibit an input-output function having a higher gain and a broader window, due to slower time constants and response nonlinearities such as NMDA spikes, than proximal dendritic inputs do to the same dendrite (Nevian et al. 2007; Branco and Häusser 2011; Major et al. 2013) . Thus, CCS cells may integrate direct thalamic inputs and indirect inputs via L2/3b cells with dispersed firing times (Dembrow et al. 2015) .
Calbindin-negative thalamic VL cells receive cerebellar outputs from the dentate nucleus (Deniau et al. 1992; Jones 2007; Kuramoto et al. 2011) , and innervate mostly L2/3b and L5b. L5b CPn cells would be fired by conjoint direct and indirect inputs via L2/3b pyramidal cells caused by synchronous activation of cerebellar-driven thalamic cells. In contrast, if thalamic VL cells increased firing gradually, their excitatory postsynaptic potentials would integrate slowly in CCS cells over a relatively wide temporal window, followed by delayed excitation of CPn cells via unidirectional excitatory input from CCS cells (Morishima and Kawaguchi 2006) . Following excitatory drive from the cerebellum-driven thalamic nucleus, CPn cells may have 2 temporal modes of outputs to the thalamus, pontine nuclei, and spinal cord: a fast, temporally precise mode, and a slower mode with greater input integration.
Conclusion
We show an exquisite selectivity among thalamocortical afferents in which synaptic connectivity is dependent on the postsynaptic cell subtype, cortical sublayer, and cell surface domain. The dendrites of PV cells preferentially receive corticocortical inputs in both sublayers. The somata of L2/3b PV cells receive thalamic inputs with similar proportions to the dendritic spines of L2/3b pyramidal cells, whereas the somata of L5b PV cells are mostly innervated by cortical inputs. The basal dendrites of L2/3b pyramidal cells receive both cortical and thalamic inputs in proportion to their relative local abundance, whereas thalamic input densities of apical oblique dendrites were fewer at more distant branches. L5b CPn cells receive glutamatergic inputs in proportion to their local abundance, whereas L5b CCS cells show a preference for thalamic inputs, particularly in their distal dendrites. Based on the connectional specificity of thalamic innervation among the cortical cell subtypes, the frontal cortex may process inputs from cerebellar-driven thalamic cells differently according to their firing patterns.
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